r It is not clear how sympathetic activity to contracting muscle is controlled. r We recorded muscle sympathetic nerve activity (MSNA) to the ipsilateral tibialis anterior muscle during 4 min of isometric dorsiflexion of the ankle and 6 min of post-exercise ischaemia, which was repeated contralaterally.
Introduction
Neural mechanisms closely regulate cardiovascular changes during exercise, including the increases in cardiac output, blood pressure and the redistribution of blood flow to match the metabolic demands of skeletal muscle. Blood flow to skeletal muscle is controlled by the amount of sympathetic vasoconstrictor drive, and it has been shown that the peak reduction in muscle blood flow occurs five or six cardiac cycles after a burst of muscle sympathetic nerve activity (MSNA) to that muscle (Fairfax et al. 2013) . During volitional exercise, MSNA is governed by the activation of a centrally mediated efferent pathway (central command), a reflex generated by peripheral stimulation of chemically (metaboreflex) or mechanically (mechanoreflex) sensitive group IV and III afferent nerve fibre endings within the contracting muscle, and resetting of the arterial baroreflex. Sympathetic vasoconstrictor drive could also be linked to muscle activity (Seals, 1989; Boulton et al. 2014 Boulton et al. , 2016 because the perfusion demands of skeletal muscle and other organs can vary greatly and in proportion to the level of activity (Andersen & Saltin, 1985; Saunders et al. 2005; Reeder & Green, 2012) . Active skeletal muscle has a tremendous capacity to vasodilate and thereby increase its blood flow, especially at the onset of contraction (Reeder & Green, 2012) . Sympathetic constraint of vasodilatation to non-contracting and contracting muscles helps to maintain systemic blood pressure and prolong physical activity, even at lower workloads (Masuki & Nose, 2003) .
The metaboreflex has been shown to increase MSNA to non-contracting muscles during post-exercise ischaemia (Alam & Smirk, 1937) , leading to widespread vasoconstriction in these muscles and driving an increase in systemic blood pressure. However, conflicting reports make it unclear as to whether the metaboreflex is present in a contracting muscle. Wallin et al. (1992) made bilateral recordings of MSNA to the pretibial flexors during static dorsiflexions of one ankle (at 5-30% maximum voluntary contraction; MVC); they observed a decrease in MSNA spectral power at the cardiac frequency in the contracting muscle, interpreting this as a decline in MSNA to the contracting muscle. Hansen et al. (1994) , when recording MSNA to a small intrinsic muscle of the foot (extensor digitorum brevis), reported no change in MSNA burst frequency from resting levels during sustained dorsiflexion of the toes at 20% MVC. However, they did show that MSNA to the contracting muscle increased in parallel to the non-contracting muscle during post-exercise ischaemia, although only when the contraction was performed under ischaemic conditions, supporting the existence of the metaboreflex in contracting muscles. We recently recorded MSNA to the contracting tibialis anterior muscle during short (2 min) static contractions at a range of intensities (7-46% MVC), comparing the increases in MSNA with those obtained when ischaemia was introduced in the final minute of the contraction and during the subsequent 2-min period of post-exercise ischaemia (Boulton et al. 2014) . The results obtained showed that MSNA returned to control levels during the period of post-exercise ischaemia, arguing against a role for the metaboreflex in the contracting muscle. However, it may be that insufficient time was available for expression of the metaboreflex. More recently, we recorded MSNA to the contracting tibialis anterior muscle during brief (1 min) weak static contractions (10% MVC), comparing the increase in MSNA during volitionally-generated and electrically-stimulated contractions of comparable magnitude (Boulton et al. 2016) . The results of the later study showed that MSNA only increased during volitionally-generated contractions, supporting the conclusion that central command plays an important role. However, we did not include post-exercise ischaemia in that experimental protocol and, given the brevity of the contractions, as well as their low intensity, it is probable that electrically-stimulated contractions primarily engaged the mechanosenstive and not metabosensitive afferents in the contracting muscle.
The present study aimed to examine the time-course of the changes in MSNA during a longer static contraction (4 min) and a longer period of ischaemia (6 min) following the contraction. We also added another protocol: performing the static contraction during ongoing ischaemia, which we reasoned would increase the excitation of metabosensitive afferents further. We tested the hypothesis that the metaboreflex does not contribute to the increase of MSNA to contracting muscle, such that central command alone causes MSNA to increase during a sustained voluntary contraction and to return to resting levels at the cessation of contraction. However, if MSNA to a contracting muscle is regulated by the metaboreflex, as has been observed in non-contracting muscles (Victor & Seals, 1989; Hansen et al. 1994) , then MSNA would be augmented under an ischaemic stimulus (Rowell, 1993) and would remain elevated if ischaemia was maintained post-contraction. Accordingly, in addition to recording MSNA to contracting muscle, we also recorded MSNA to non-contracting muscle in the same experimental session.
Methods

Subjects and ethics
The present study was conducted in accordance with the Declaration of Helsinki (2008) and was approved by the Human Research Ethics Committee of Western Sydney University. Nineteen male subjects aged 18-48 years, who were apparently healthy with no cardiorespiratory, metabolic or neuromuscular disease, participated in the study after providing their written informed consent. For technical reasons and because of difficulty in measuring MSNA to a contracting limb, successful recordings were only achieved in 11 subjects.
Recording procedures
Subjects were positioned semi-recumbent in a chair with their backs at ß45°, legs supported horizontally and feet strapped in a plantarflexed position (ß95°) to independent footplates connected to a force transducer. Tungsten microelectrodes (Frederick Haer and Co., Bowdoinham, ME, USA) were used for microneurography to measure spontaneous MSNA from muscle fascicles of the left common peroneal nerve, located near the level of the fibular head, innervating the ankle dorsiflexor, ankle everter and toe extensor muscles; a reference microelectrode with an uninsulated tip was inserted S.C. ß1 cm from the active microelectrode. The common peroneal nerve was identified by electrical stimulation through a 2 mm diameter probe delivering a 0.2 ms pulse at 1 Hz with a 2-10 mA current (Stimulus Isolator, ADInstruments, Sydney, NSW, Australia). Further stimulation was used at a much lower current (ࣘ1 mA) until twitches of the innervated muscle could be detected at ࣘ20 µA. Additional manipulation of the microelectrode was performed until specific observations were made: (i) electrical stimulation produced small contractions of the innervated muscle; (ii) increases of afferent discharges occurred upon passive stretching or tapping of the innervated muscle but not light stroking of the skin; (iii) clear, spontaneous bursts of MSNA were synchronized to the cardiac cycle; and (iv) a maximal inspiratory apnoea produced a sustained increase of spontaneous cardiac-locked bursts. Neural activity was amplified (gain 2 × 10 4 ) and filtered (bandpass 0.3-5.0 kHz sampling) using an isolated amplifier and headstage (NeuroAmpEX, ADInstruments) and stored on computer (10 kHz sampling) using a computer-based data acquisition and analysis system (PowerLab 16SP hardware and LabChart, version 8; ADInstruments).
A single lead (II) electrocardiogram (0.3-1 kHz) was recorded with Ag-AgCl surface electrodes (BioAmp, PowerLab, ADInstruments) on the chest and sampled at 2 kHz. Respiration (DC -100 Hz) was recorded using a strain gauge transducer (Pneumotrace II; UFI, Morro Bay, CA, USA) around the chest and sampled at 100 Hz. Continuous, non-invasive beat-to-beat blood pressure was measured at 400 Hz from the middle finger of the right hand using digital arterial plethysmography (Finometer Pro, Finapres Medical Systems, Enschede, The Netherlands). Blood pressure was height corrected for the difference between the finger and heart and autocalibration was enabled during rest periods that were not included in the final analysis. An electromyogram (EMG) (10 Hz to 1 kHz) was recorded with Ag-AgCl surface electrodes over the tibialis anterior muscle of both legs and sampled at 2 kHz, which was normalized to the EMG during a maximla voluntary contraction (MVC). Force was measured using two load cells (Aluminium S Type EG PT) connected to two independent footplates, amplified (gain × 200, bandpass DC-10 Hz; Quad Bridge Amplifier; ADInstruments), sampled at 100 Hz and normalized to the MVC of the subject.
To control blood flow to the legs, two large (22 cm) sphygmomanometer cuffs were wrapped around the upper thigh and attached to a rapid cuff inflation system (AG101 and E20; Hokanson, Bellevue, WA, USA), which was set to a suprasystolic pressure (ࣙ220 mmHg). Ischaemia was verified by the absence of a pulse in the second toe, which was assessed using a piezoelectric pulse transducer (UFI, Morro Bay, CA, USA).
Experimental protocol
Prior to the recording of MSNA, each subject performed two maximal dorsiflexions of each ankle, with the highest force during the 3 s effort on each side recorded as the MVC. Upon achieving a continuous MSNA recording, a 5 min baseline period preceded any contractions, which was matched with an equal period at the end of the protocol (Fig. 1) . The protocol involved six conditions, including voluntary isometric dorsiflexions of the left J Physiol 596.6 leg, ipsilateral to the neural recording, which were matched on the right leg, contralateral to the neural recording. Contractions contralateral to the neural recording permitted neural recordings of the resting leg to compare to the active leg and help verify metaboreflex activation. Contractions were sustained for 4 min and there were different durations of ischaemia for each condition, which were randomized. One condition involved no ischaemia during or after exercise, a second condition involved post-exercise ischaemia only, and a third condition involved ischaemic contraction and post-exercise ischaemia. Subjects were asked to gradually increase the force of contraction to the target of 10% MVC within 5-10 s. Post-exercise ischaemia was maintained for 6 min and each condition was separated by 10 min of rest. It was expected that the accumulation of metabolites during the condition with ischaemia during and after exercise would be greater than that achieved in the condition with post-exercise ischaemia only; thus, the chance of activating the metaboreflex would be greater and could have an additive effect on the neural response to contraction. Sphygmomanometer cuffs around the thigh were gradually inflated and deflated over a 5 s period just prior to and after the ischaemic interval. Additionally, to determine whether ischaemia alone affected MSNA, a 10 min period of ischaemia during rest was performed, which was randomly inserted into the protocol.
MSNA analysis
Analysis of MSNA was based on the raw nerve signal where negative-going spikes of sympathetic origin were identified and presented as a frequency (spikes min −1 ). The conventional approach to MSNA analysis involves identifying the frequency and/or amplitude of sympathetic bursts from the RMS-processed signal (200 ms moving average). However, this signal can become difficult to measure during exercise ipsilateral to the nerve recording because there are large increases of neural activity in positive-going myelinated axons (muscle spindle and Golgi tendon organ afferents or alpha motor axons) and infiltration of EMG activity. Our use of high impedance electrodes, close proximity of a reference electrode and lower contraction intensities minimized EMG infiltration of the nerve signal.
Measuring negative-going sympathetic spikes in the raw nerve signal has been described previously and provides a sensitive measure of sympathetic outflow (Bent et al. 2006; Fatouleh & Macefield, 2011; Hammam et al. 2011; Fatouleh & Macefield, 2013; Boulton et al. 2016) . Moreover, measuring the average increase in the number of extracted spikes of MSNA during contraction of the muscle (51%) was similar to measuring the mean burst amplitude of the mean voltage neurogram (48%), as measured from the RMS-processed nerve signal, whereas burst frequency increased by 22% and total MSNA by 77% (Boulton et al. 2016) . In the present study, the nerve signal was shifted back in time (ß1.2-1.55 s) relative to the R-wave of the ECG to account for central processing and conduction delays between the R-wave and MSNA in the peroneal nerve (Fagius & Wallin, 1980) . Intervals of nerve data with an equal number of cardiac cycles ß1 min (60 ± 2 s) in duration were made and discriminator levels of neural activity for each interval were adjusted using window discriminator software (Spike Histogram, LabChart, version 2.5; ADInstruments) so that negative-going spikes of sympathetic origin (half-width 0.2-0.6 ms) were clearly detectable from positive-going spikes of non-sympathetic origin and the broader spikes of EMG. Analysing MSNA in intervals of equal cardiac cycles removes the effect of heart rate on MSNA and means that any differences in spike count can be attributed to the effect of contraction. Autocorrelation histograms for the cardiac signal and cross-correlation and post-stimulus time histograms between the MSNA and R-R intervals of the ECG were generated by Spike Histogram software in 50 ms bins (Fig. 2) to document the cardiac modulation of the spikes and confirm that they represent MSNA (Macefield et al. 2002) . Spike counts were collected from the post-stimulus time histogram and were based on the number of spikes during 600 ms periods after each R-wave and centred about a peak bin. Contractions that displayed no cardiac modulation of MSNA were not analysed and the associated rest and ischaemia periods were also excluded.
Statistical analysis
The present study hypothesized that the muscle metaboreflex does not cause an increase in MSNA to contracting muscle. A two-way repeated measures ANOVA, coupled with Tukey's test for multiple comparisons (Prism, version 5.0; GraphPad Software Inc., San Diego, CA, USA) was applied to MSNA to test for this interaction, as well as for the main effects, interactions and temporal comparisons of the other cardiovascular variables. The results are expressed as the mean ± SD (or SE where indicated). P < 0.05 was considered statistically significant. 
Results
Resting MSNA
Successful recordings of MSNA were obtained in 11 subjects. A baseline period of rest was averaged over 5 min and the number of sympathetic spikes extracted from the nerve signal was stable from the beginning to the end of the protocol (31 ± 9 spikes min −1
vs. 29 ± 10 spikes min −1 ; P = 0.50). The 10 min period of ischaemia alone had no effect on MSNA (29 ± 9 spikes min −1 ; P = 0.56). Rest periods were analysed for 2 min preceding each contraction, with the 1 min immediately before contraction being compared with the minutes during contraction, post-exercise ischaemia and recovery. MSNA, measured this way, was not significantly different between periods of rest before contraction (P = 0.55), and averaged 31 ± 6 spikes min −1 .
MSNA during ipsilateral contractions and post-exercise ischaemia
Sympathetic responses to ipsilateral contractions were compared between the three ischaemic conditions. A sample of a static dorsiflexion ipsilateral to the neural recording from one subject is shown in Fig. 3A . Fig. 4 presents MSNA responses for each limb during the three conditions. The first condition (no ischaemia) did not involve ischaemia either during or after contraction; the second condition (post-exercise ischaemia) involved ischaemia only after contraction; and the third condition Figure 3. Data sample during ischaemic ankle dorsiflexion A sample of data from one subject during ischaemic ankle dorsiflexion ipsilateral (A) and contralateral (B) to the sympathetic recording in the left common peroneal nerve. Analysis of MSNA involved measuring the negative-going sympathetic spikes of the raw nerve signal because traditional identification of MSNA bursts in the RMS nerve was more difficult during contraction of the ipsilateral leg (A) compared to the contralateral leg (B). The events in the channel 'Spikes' represent standard pulses from the sympathetic spikes extracted from the raw nerve channel, whereas those in the channel 'R waves' were extracted from the ECG channel; these were used to construct autocorrelation and cross-correlation histograms, as illustrated in Fig. 2. (continuous ischaemia) involved ischaemia both during and after contraction.
No ischaemia condition. There was a significant effect of time (P < 0.01, F = 17.25), although no main effect of limb (P = 0.23, F = 1.55) for MSNA. A significant increase in MSNA from 34 ± 10 spikes min
at rest to 50 ± 18 spikes min −1 was observed after the first minute of contraction (P = 0.01). Following this first minute, MSNA tended to plateau and remained constant for each subsequent minute of contraction (range 50 ± 18 to 57 ± 19 spikes min −1 ), promptly returning to baseline levels within 1 min of the contraction ending.
Post-exercise ischaemia condition. MSNA followed a similar pattern to the no ischaemia condition; it exhibited a significant main effect of time (P < 0.01, F = 8.33), where MSNA increased to 45 ± 18 spikes min −1 in the first minute of ipsilateral contraction and remained at this level for the duration of the contraction. During post-exercise ischaemia, MSNA promptly returned to near resting levels within 1 min of ceasing contraction (38 ± 12 spikes min −1 ) and was not different from rest after ischaemia (36 ± 13 spikes min −1 ).
Continuous ischaemia condition.
MSNA exhibited a significant main effect of time (P < 0.01, F = 10.96) and limb (P = 0.02, F = 7.14). MSNA increased from resting levels within the first minute of contraction and plateaued at a similar level compared to the other conditions (49 ± 11 spikes min −1 , P < 0.01), returning to levels before contraction at the cessation of contraction.
MSNA during contralateral contractions and post-exercise ischaemia
An experimental record from one subject performing a static dorsiflexion of the right ankle, contralateral to the recording site, is shown in Fig. 3B .
No ischaemia condition.
For contralateral contractions, MSNA increased incrementally and became significantly greater in the third minute of contraction (48 ± 15 spikes min −1 ; P = 0.01) before it returned to near resting levels at the cessation of contraction. MSNA had not increased significantly during the first or second minutes of contraction (P > 0.12).
Post-exercise ischaemia condition. MSNA followed a similar pattern to the no ischaemia condition with a significant increase to 49 ± 12 spikes min −1 (P = 0.01) in the second minute of contralateral contraction, although it exhibited no significant increases in the first minute of contraction (P > 0.1). During post-exercise ischaemia, MSNA remained significantly elevated above MSNA levels before contraction in the contralateral limb (P < 0.05) and returned to resting levels once the cuff was deflated and the ischaemia resolved.
Continuous ischaemia condition. During contractions, MSNA increased compared to the contractions with no ischaemia under the other conditions, reaching 49 ± 21 spikes min −1 (P = 0.04) after 1 min of contralateral contraction, and increasing each subsequent minute of contraction to a peak of 63 ± 25 spikes min −1 after 4 min. For the duration of post-exercise ischaemia, MSNA remained significantly elevated above resting levels (range 54 ± 15 to 63 ± 27 spikes min −1 , P < 0.01).
Cardiovascular responses
Responses for mean arterial blood pressure, heart rate, EMG and force were similar between each limb in each condition and are presented in Fig. 5 (arterial blood pressure and heart rate) and Table 1 (EMG and  force) . Mean arterial pressure exhibited a significant main effect of time during contractions of the no ischaemia (P < 0.01, F = 9.77) and post-exercise ischaemia (P < 0.01, F = 16.2) conditions, with a small but significant increase of 4-6 mmHg during the third and fourth minutes of non-ischaemic contraction (P < 0.05). For the continuous ischaemia condition, arterial pressure demonstrated a main effect of time (P < 0.01, F = 52.30), where arterial pressure significantly increased 8-11 mmHg from rest after the second minute of ischaemic contraction and remained elevated for the duration of the contraction and post-exercise ischaemia before a return to resting levels upon cessation of ischaemia. There were no main effects of limb for arterial pressure in the no ischaemia (P = 0.74, F = 0.11), post-exercise ischaemia (P = 0.53, F = 0.41) or continuous ischaemia (P = 0.50, F = 0.47) conditions. Arterial pressure returned to close to baseline levels before contraction within 1 min after the cessation of ischaemia. No ischaemia EMG I 9 ± 3 9 ± 4 10 ± 5 9 ± 5 C 10 ± 3 10 ± 4 11 ± 4 11 ± 5 Force I 10 ± 1 10 ± 1 10 ± 1 10 ± 1 C 10 ± 2 10 ± 2 10 ± 2 11 ± 2 Post-exercise ischaemia EMG I 11 ± 9 12 ± 10 11 ± 8 11 ± 5 C 9 ± 6 10 ± 6 11 ± 6 10 ± 9 Force I 11 ± 2 11 ± 1 11 ± 1 11 ± 1 C 11 ± 2 11 ± 2 11 ± 2 11 ± 2 Continuous ischaemia EMG I 11 ± 6 12 ± 7 11 ± 6 8 ± 3 C 9 ± 6 11 ± 8 11 ± 8 11 ± 7 Force I 12 ± 4 12 ± 4 12 ± 4 12 ± 4 C 11 ± 1 12 ± 1 12 ± 1 12 ± 1
Only exercise data are shown (mean ± SD). By definition, EMG and force were 0% of maximum during rest, post-exercise ischaemia and recovery.
Heart rate did not exhibit a significant main effect of time in any condition, although it tended to exhibit a small decrease in the first minute of contraction followed by an increase for the remainder of the contraction to 6 beats min -1 above baseline levels. Heart rate promptly returned to resting values upon cessation of contraction and for the duration of post-exercise ischaemia, although there tended to be a transient increase at the cessation of post-exercise ischaemia.
Discussion
Main findings
The present study measured, for the first time, sympathetic vasoconstrictor outflow to contracting muscles during sustained dorsiflexion of the ankle with or without muscle ischaemia and an extended period of post-exercise ischaemia. Measured in 1 min epochs, MSNA to the contracting muscle increased within 1 min of contraction and was not augmented by activation of the metaboreflex during muscle ischaemia (Fig. 6) . By contrast, metaboreflex activation augmented MSNA to noncontracting muscle, with MSNA remaining at exercise levels for the duration of post-exercise ischaemia. The rapid increase in MSNA to contracting muscle and the failure of the metaboreflex to sustain MSNA levels during post-exercise ischaemia both indicate that central command is responsible for the increase in MSNA to contracting muscle during low intensity sustained isometric exercise. The findings from the present study support the hypothesis that activation of the metaboreflex contributes to an increase in MSNA only to non-contracting muscles.
Onset response of MSNA to contraction
In the present study, MSNA to the contracting muscle increased significantly within the first minute of contraction. This prompt increase in MSNA to the contracting muscle has been observed in our laboratory previously (Boulton et al. 2016 ), where we showed that MSNA increased ß22 s after the onset of low intensity isometric contraction (ß7% MVC). It has been documented that central command influences the response to exercise via exercise the baroreflex, as well as increasing heart rate (primarily through vagal withdrawal) and cardiac output (Rowell, 1993) . There is evidence to suggest that central command has negligible influence on the control of sympathetic outflow to inactive vasculature (Victor al. 1987 , 1989 Rowell, 1993) . For example, demonstrated only a small change in MSNA in response to a heightened level of central command during sustained handgrip at 15-30% MVC in the presence of partial paralysis. However, the MSNA measurements in the study by were made to inactive muscles and it is still unclear whether the mechanisms regulating the sympathetic response to active muscles are different. Central command also contributes to the rapid changes in cardiorespiratory responses at the onset of exercise (Eldridge et al. 1981) . A rapid change in MSNA at the onset of exercise could assist the vascular response to exercise, which is particularly important in active skeletal muscle where oxygen demand and metabolic by-products substantially increase, relative to inactive skeletal muscle. Unlike metaboreceptors, mechanically sensitive group III and IV muscle afferents respond promptly upon changes in muscle pressure or tension (Kaufman et al. 1984; Kaufman & Rybicki, 1987) , although the effect of these receptors on MSNA in humans has been shown to be transient or absent (Cui et al. 2006 , 2008 , Boulton et al. 2016 .
The increase in MSNA to the non-contracting muscle did not occur until the second minute of contraction (Fig. 6) , unlike that to the contracting muscle. This delayed increase suggests that it is a result of the muscle metaboreflex, which would become more potent as the concentration of metabolites increases throughout the contraction (Victor et al. 1988; Ray et al. 1992; Ray & Mark, 1993) .
Response of MSNA to prolonged contraction
After the initial rise within the first minute of contraction, MSNA to the contracting muscle remained at a constant level during the 4 min sustained contractions, indicating a constant level of muscle vasoconstrictor drive. As effort increases during voluntary contractions of increasing intensity, so does central command increase to the sympathetic nervous system. Central command is known to increase as the skeletal muscles fatigue during a sustained submaximal contraction (Krogh & Lindhard, 1913; Goodwin et al. 1972; Saito et al. 1989; Seals & Enoka, 1989) , although the contractions in the present study were maintained at a low, sustainable intensity to prevent significant fatigue; the constant level of EMG activity we found during the weak isomteric contractions parallels the constant level of MSNA. The sympathetic response observed in the contracting muscle contrasts with the response in MSNA to the non-contracting muscle (Fig. 6) , where a progressive and exponential increase was observed throughout the contraction. It is not clear how a rapid, centrally mediated increase in efferent sympathetic activity would be directed only to the contracting muscle, though given that sympathetic outflow is region-specific this is certainly possible. The differential response of MSNA in contracting and non-contracting muscles could occur in the sympathetic ganglia (Michelini et al. 2015) . Alternatively, differential inputs from the autonomic centres of the brain might cause gap junctions or interneurons in the spinal cord to inhibit the descending sympathetic response, although more advanced investigation of central and peripheral roles in the control of MSNA is required to identify the specific site of sympathetic differentiation (Shoemaker et al. 2015) .
Effect of ischaemia on MSNA during and after contraction
A sustained increased in arterial pressure and MSNA during post-exercise ischaemia are two important criteria for determining the activation of the muscle metaboreflex. Imposing ischaemia from the onset of contraction was implemented to ensure that all metabolites remained in the contracting limb to maximize the metabolic stimulation. In the present study, arterial pressure remained elevated after each contraction of either leg, whereas MSNA only remained elevated to the non-contracting muscle, returning to resting levels in the previously contracted muscle (Fig. 6) . The MSNA response to contracting muscle was not affected by ischaemic contraction, reaching a similar level to the non-ischaemic contraction. By contrast, the MSNA response to the non-contracting muscle was augmented during ischaemic contraction, increasing exponentially from the first minute of contraction and peaking at a higher level than during the non-ischaemic contraction. The augmented sympathetic response to the non-contracting muscle during ischaemic contraction could be caused by a greater and earlier activation of the muscle metaboreflex, through the mismatch between the accumulation of metabolites and the lack of perfusion (Rowell et al. 1976; Hansen et al. 1994) . The longer contractions in the present study (4 min) compared to our earlier studies (1-2 min) could have also contributed to the potentiated muscle metaboreflex response during ischaemic contraction muscle; acidity (Victor et al. 1988) and muscle fatigue (Saito et al. 1989; Seals & Enoka, 1989) would have also increased. In light of the apparent augmentation of the muscle metaboreflex observed in the non-contracting muscle, the constant level of MSNA to the contracting muscle during ischaemic and non-ischaemic contraction indicates that a mechanism linked with voluntary effort, and not the muscle metaboreflex, regulates MSNA to contracting muscle.
A sustained metaboreflex-mediated increased in MSNA to the non-contracting muscle and mean arterial pressure, but not heart rate, during post-exercise ischaemia was observed in the present study and has been well documented (Mitchell et al. 1980; Victor et al. 1988; Ray et al. 1992; Macefield & Henderson, 2015) . However, MSNA to the contracting muscle was not affected by post-exercise ischaemia, returning to pre-contraction levels within 1 min of the cessation of contraction, and indicating that the metaboreflex was not expressed to the contracting muscle. The prompt return to baseline of MSNA to contracting muscle during post-exercise ischaemia has been observed previously during 1 min static contractions of leg muscle (Boulton et al. 2014) , although the metaboreflex stimulus in the present study was greater because both the duration of contraction and the period of ischaemia were longer. The response of MSNA to contracting muscle parallels the voluntary effort of exercise, which suggests that central command could be the primary mechanism responsible for its regulation. Central command clearly has an important role in regulating sympathetic outflow to the heart and to contracting muscles. Indeed, we know that there is a rapid, centrally mediated increase in sympathetic outflow to coronary vascular beds during exercise (Matsukawa, 2012) and patients with pure autonomic failure, in whom cardiac as well muscle sympathetic drive is absent, cannot maintain their blood pressure during light exercise (Shepherd, 1987) .
Limitations
In further consideration of the observations from the present study, it should be noted that the baroreflex is involved in the regulation of MSNA during exercise. However, it most probably is less engaged and contributes less to increasing sympathetic outflow during prolonged low-intensity isometric contractions because blood pressure does not change as much compared to intermittent or dynamic contractions (Rowell, 1993) . Additionally, pain could augment sympathetic outflow during contractions (Burton et al. 2009 ) and influence the present observations; however, it probably was not a major component in the present study because subjects were not exposed to significant levels of discomfort. A pain scale, as well as a rating of perceived exertion, may have provided some additional insight into the level of central command (effort) during the different contractions. Finally, simultaneous MSNA recordings to the contracting and non-contracting muscles were not made, although they could have provided stronger comparisons between the limbs and avoided any effects of the sequence of conditions. Ample rest periods of 10 min were provided between conditions and cardiorespiratory and neural measurements were checked to ensure that the subject was at baseline before the next condition was performed.
Conclusions
Although an increase in sympathetic vasoconstrictor drive to non-contracting muscle is important for the regulation of systemic blood pressure, an increase of sympathetic outflow to contracting muscle is important for limiting the vasodilatation and hyperaemia during exercise. For the first time, it has been shown that MSNA to the contracting muscle remains at a constant level above rest for the duration of an isometric voluntary contraction and that the muscle metaboreflex is not exhibited in contracting muscle.
